Introduction
Transferrin (Tf),' the major iron-transporting protein in plasma (1) , is a glycoprotein with a molecular weight of 79,500 daltons (2) . It transports ferric iron from the intestine, reticuloendothelial system, and liver parenchymal cells to all proliferating cells in the body (3) . The liver is the major site of Tf synthesis (1, 3) . Tf is a growth factor required for proliferating normal and malignant cells (4) (5) (6) (7) (8) ; it is an essential component of defined medium used for growth of lymphocytes in vitro. Tf enters cells by receptor-mediated endocytosis (9) . After iron is released into an intracellular acidic compartment, apotransferrin is returned to the extracellular environment and recycled many times (8, 9) . Therefore, it has been difficult to differentiate endogenous from exogenous Tf within cells by conventional immunologic tech-Our laboratory has recently cloned, characterized, and chromosomally mapped the coding sequence of the human Tf gene (10) . Utilization of Tf complementary DNA (cDNA) and a modification of in situ hybridization (1 1, 12) has provided the opportunity for identifying transcription of transferrin. This technique has facilitated detection of Tf messenger RNA (mRNA) in heterogeneous populations of cells where cellular extracts may not contain sufficient levels of Tf mRNA for detection by conventional cDNA-mRNA hybridization on filter blots.
The expansion ofclones oflymphocytes is an essential feature ofthe immune response. T lymphocyte proliferation is controlled by a series of premitotic signals generated by interactions of growth factors and their membrane receptors. When T cells are activated by mitogenic lectins, antigens, or antibodies against the antigen receptor complex, the series ofevents known to lead to DNA synthesis and cell proliferation include the expression ofthe receptor for interleukin 2 (IL-2) (T cell growth factor) (13, 14) , IL-2 production (15, 16) , and Tf receptor expression (17) (18) (19) . In T lymphocyte activation, IL-2 production and IL-2 receptor expression are induced prior to Tf receptor induction. The expression ofTf receptors is, in the presence ofTf, required for DNA synthesis and cell division. Therefore, the role of IL-2 in the stimulation of T lymphocyte proliferation appears to be due, in part, to induction of Tf receptors (18, 20) .
IL-2 is produced primarily by a subset of T lymphocytes bearing the cell surface molecule recognized by the monoclonal antibody OKT4 (T4+) (21, 22) . The T4' subset has been labeled the "inducer" subset, because a major role of these cells is to activate other lymphocytes (i.e., cytotoxic T cells, suppressor T cells, and B cells). This inductive process is mediated by direct cellular communication and by the secretion of a number of other lymphokines. Independent studies suggested that human peripheral blood mononuclear cells (PBMCs) synthesized Tf (23) , and that Tfwas localized in the T cell compartment (24) . In the studies reported here, the role ofTf mRNA expression in cellular proliferation of mitogen-stimulated and antigen-activated T lymphocytes was examined. Specifically, the relationship of Tf synthesis and Tf receptor expression to the autocrine pathway involving IL-2 and its receptor in T cell proliferation was investigated.
suspended and centrifuged over Ficoll-Hypaque. Interface cells were E-(non-rosette-forming, T-depleted). Pelleted cells were E+ (T-enriched). Contaminating red blood cells were lysed in buffered NH4Cl solution.
The recovered E-cells were essentially 100% E-; E+ cells were 90-95% E+.
For macrophage/monocyte depletion, PBMCs were resuspended at a concentration of 5 X 106/ml in RPMI 1640 (Gibco, Grand Island, NY) containing 10% heat-inactivated fetal bovine serum (FCS), 2 X 10-3 M glutamine, 3 X 10-5 M 2-mercaptoethanol, 12 mM Hepes, and 1% penicillin/streptomycin (complete media). 5 ml of this suspension was placed on Falcon 100 X 15-mm plastic petri dishes and incubated for 1 h at 370C in 5% C02/95% air. At the end of 1 h, the nonadherent cells were carefully removed and reincubated on a fresh petri dish as above. This was repeated two to three times until surface marker analysis using monoclonal antibody OKM1 (Ortho Pharmaceutical, Raritan, NJ) revealed <1% monocytes in preparations used.
Isolation ofTcell subsets. To obtain negatively selected T cell subsets, PBMCs or E+ cells were incubated for 30 min at 40C with monoclonal antibody (MAb) OKT8 (Ortho Pharmaceutical) (1 Mg antibody/ 1O6 cells) and with rabbit serum as a source ofcomplement (C) (Cedar Lane Laboratories) for 45 min at 370C; this was repeated (27) . The T cells remaining were highly enriched in T4' cells (E'T8-cells). Conversely, T8' cells were prepared by treating E+ cells with MAb OKT4 plus C' (Ortho Pharmaceutical) (28 Human T cell clones were isolated from limiting dilution culture by restimulating peripheral blood E'T8-cells with an autologous EBV-BCL in the presence of 2% by volume ofIL-2-containing supernate. The T cell clone bears the cell surface markers T3 and T4, but not T8, and proliferates in response to autologous but not allogeneic EBV-BCL. 2 X 104 T cells and 2 X 104 mitomycin C-treated autologous EBV-BCL were cultured in replicate wells of 96-well round-bottom plates in 0.2 ml of complete medium. Cultures were incubated in a humidified 5% C02/95% air atmosphere at 370C for 7 d.
DNA synthesis and IL-2 bioassay. Proliferation was measured by Serum-free conditions. Cells were placed in culture at 1 X 101 cells/ ml in 0.2 ml of complete medium or Tf-free medium (Iscove's modified Dulbecco's medium with 0.1% recrystallized bovine albumin, 20 Mg/ml soybean oil, 2 X 10-3 M glutamine, 3 X 10-0 M 2-mercaptoethanol, and antibiotics). Indicated cultures were given 0.1% PHA-P. 16-20 h [35SJMethionine immunoprecipitation. Twenty million PBMCs were cultured overnight at 37°C in 2.0 ml of complete medium containing 0.1% PHA-P (Difco, Detroit, MI). Cells were harvested, washed twice in HBSS, and labeled with 2.0 mCi[35S~methionine (Amersham Corp., Arlington Heights, IL) for 6 h in 1.0 ml of HBSS containing 10% dialyzed FCS (34) . Supernates and cells were harvested by centrifugation. Cells were washed three times in HBSS and lysed in 0.05% Trixon X-100 in Tris-buffered saline, pH 8.0 (CLB). Supernates and cell lysates were preincubated with 1.0 ml of fixed Staphylococcus aureus (Pansorbin, Calbiochem-Behring Corp., San Diego, CA), which was then discarded. Supernate aliquots (100 ,l) and cell lysate aliquots (50 Ml) were then incubated either with 1 ul of rabbit antiserum to human Tf(CalbiochemBehring Corp.), 1 Ml ofnormal rabbit serum, 100 Ml ofhuman transferrin solution containing 100 Mg of unlabeled Tf (Sigma Chemical Co.) plus 2 Ml of rabbit antiserum to human Tf, 100 Ml of solution containing 10 ,ug of human Tf plus 2 ,ul of rabbit antiserum to human Tf, or received no additions. Samples were then maintained 3 h on ice and immune complexes were collected on 100 Ml ofpelleted Pansorbin. After washing in CLB, bound complexes were eluted by boiling in SDS-polyacrylamide gel electrophoresis (PAGE) reducing sample buffer and run on 10% discontinuous SDS-PAGE according to the method of Lacmmli (35) . Gels were fixed, impregnated with fluor (Enhance, New England Nuclear, Boston, MA), dried, and autoradiographed using Kodak X-omat AR5 film (Eastman Kodak Co.). Films were exposed for 3 d and developed.
Molecular weight standards were I25-labeled human Tf (79.5 kD) and bovine albumin (67 kD).
Results
Detection of Tf mRNA transcription in lymphocytes. Various cell types were examined by in situ hybridization using radiolabeled Tf cDNA. Fig. 1 is a composite of photographs taken after hybridization with the Tf cDNA probe. Occasional cells (2-5%) having silver grains denoting Tf mRNA hybridization were observed after examination of PBMCs (Fig. 1 A) . When peripheral blood T lymphocytes were isolated by rosette formation with sheep red blood cells, -10-20% of the cells contained silver grains, denoting Tf mRNA (Fig. 1 B) . No silver grains were observed in non-T cells (Fig. 1 C) .
The heterogeneous labeling of T lymphocytes after hybridization with Tf cDNA suggested that a specific subset of T lymphocytes was transcribing Tf mRNA. Therefore, T Fig. 1 Fwith silver grains denoting transcription of Tf mRNA. In contrast, no Tf mRNA transcription was indicated in an EBV-BCL, shown in Fig. 1 G, (Fig. 1 G) . The ..:., be induced to undergo repeated rounds of activation at appropriate intervals by adding fresh media and stimulator cells. As shown in Fig. 2 A, no Tf mRNA was detected in T cells prior to activation. When appropriate stimulator EBV-BCLs were added, IL-2 was secreted, Tf mRNA was transcribed (Fig. 2 B) , and proliferation was subsequently induced. As expected, in that the T cells were derived from a single precursor, virtually 100% of the T cells demonstrated increased levels of Tf mRNA. Note that (a) maximal IL-2 secretion and Tf mRNA expression preceded peak proliferation as measured by [3H]TdR uptake (Fig.  2, appended table) and (b) Tf mRNA transcription was tightly regulated temporally, dropping rapidly to lower levels by 48 h (Fig. 2 C) . Temporal relationships ofexpression ofIL-2 and TfmRNA, and IL-2 and Tf receptors. Previous studies indicated that the binding of IL-2 to its cell surface receptor preceded and was required for Tf receptor expression (18) . In the next series of experiments, attention was focused on the temporal relationship of Tf mRNA transcription with reference to the induction of IL-2 mRNA and the appearance of IL2 and Tf receptors. Although the temporal order of expression of Tf, IL-2, and their respective receptors is measured by both immunologic and DNA A hybridization techniques and, therefore, may not be highly definitive, these experiments have provided evidence of the series of events preceding lymphocyte proliferation. The results are summarized in Table I. IL-2 mRNA was first observed in peripheral blood lymphocytes at 6 h after mitogen activation and could still be detected at 24 h after activation. Tf mRNA, however, was not observed until 12 h after activation; it peaked at 24 h and was still detectable as late as 48 h after activation. Analysis of cell surface receptors for IL-2 and Tf using indirect immunofluorescence and flow cytometry indicated that IL-2 receptors appeared first, increased in numbers, and were followed by an increase in Tf receptors. Alternately, the rate of increase of Tf receptors could be slower. Levels of both Tf and IL-2 receptors peaked at 48 h after activation, which coincided with the peak observed in proliferative activity. Therefore, these results are consistent with those previously reported (18, 20, 36) in which IL-2 production is followed by the appearance of IL-2, and then Tf receptors. We have demonstrated that the induction of Tf mRNA transcription seems to be an intermediate event along the IL-2-dependent activation pathway in T lymphocytes. Tf mRNA expression occurs after IL-2 mRNA induction but prior to 5) .
To obtain an approximation of the amount of Tf protein present in the supernatant, densitometer scans oflanes 1, 4, and 5 were performed (Fig. 3 B) . A Tf concentration of between 1 and 5 jsg/ml seemed to be present in the supernate as calculated from the area beneath the peaks and amount of unlabeled Tf used in competition.
A second band, at -62 kD, was also seen in lanes containing samples immunoprecipitated with rabbit anti-Tf serum. This band also showed a decrease in intensity when "cold" Tf was added (Fig. 3 A, lanes 4 and 5; Fig. 3 B, lines b and c) . Because the molecular weight ofthe Tfpolypeptide backbone is predicted to be at least 75,157 D (10), the band does not appear to correspond to a nonglycosylated or partially glycosylated form of Tf. The precise characterization of the 62-kD Tf derivative secreted by lymphocytes awaits further results.
From the experiments described above, we can postulate that the Tf mRNA expression in human peripheral T4' inducer cells leads to the synthesis and secretion ofTfprotein. Our studies appear to confirm previous reports suggesting the synthesis and secretion of Tf by lymphocytes (23, 24) . Immunofluorescent localization ofTfin T cells was associated with "halo" formation, suggesting Tfsecretion (24) . Other studies showed the association ofradiolabeled immunoreactive Tfwith cell extracts ofPBMCs, although the molecular weight was not determined (23) . Previous results taken together with the biochemical data of Fig. 3 A and B, provide evidence for the translation of Tf mRNA into Tf protein and its release by inducer T lymphocytes.
Tf synthesis in serum-free, Tf-free media. Although exogenous Tf has been shown to be an essential growth factor (4-8, 37-40), the ability of a small percentage of lymphocytes to continue to proliferate under certain serum-free conditions is consistent with the possibility that they may be synthesizing their own transferrin (38) . To examine this, PBMCs were cultured in serum-free, Tf-free medium with and without PHA at high cell density. Results are summarized in Fig. 4 conditions were hybridized to Tf cDNA (see Fig. 4 A-C The term "autocrine" has been used to describe self-stimulation processes of a cell producing a growth promoting factor and its specific membrane receptor (42, 43). Autocrine growth regulation was initially proposed as a possible mechanism leading to malignant transformation and was studied in several tumor cell systems (44) (45) (46) . Recently, further investigations ofautocrine growth factors and malignancy have been described (47) (48) (49) The demonstration of a second autocrine pathway in T cell proliferation has far-reaching implications. That the transferrin loop is under the control of the IL-2 autocrine mechanism has been demonstrated by blocking Tf receptor expression by the action of anti-TAC, which specifically interacts with the IL-2 receptor (18) . We are currently investigating whether or not the interruption of the IL-2 signal has an effect on Tf mRNA transcription. It may be significant that Tf mRNA transcription lags behind IL-2 mRNA appearance by several hours, thus providing an interval in which further regulation is possible. The synthesis of transferrin and its receptor during normal T cell proliferation suggests a role of this autocrine pathway in malignant T cell proliferation. We have found Tf mRNA in a number of T cell lines, including HPB-ALL, a T4+ cell leukemic line which also expresses Tf receptors (28) .
Withholding iron is characteristic of host defense mechanisms against microbial pathogens and neoplasia (54) (55) (56) (57) . Microbial growth is severely reduced with restricted iron concentrations, an effect that is readily reversed by adding exogenous iron or iron-saturated Tf (58, 59) . The importance of this phenomenon is particularly well illustrated by reports in which therapeutic iron supplementation was associated with increased morbidity and mortality from tuberculosis, brucellosis, malaria, and sepsis (55, 56) . The ability to enhance the virulence of infections and neoplasia is unique to iron and has not been observed with other trace metals (57) . To (19, 60) . Exact mechanisms by which serum iron is decreased and redistributed to tissue storage sites are not yet fully defined. However, the immune system requires the delivery of Tf-bound iron for proper lymphocyte function (8, 61, 62) . Therefore, during situations when iron is being withheld from the circulation, the capability of a specific subset of human T lymphocytes to synthesize transferrin may provide a source of available iron to support localized proliferation of lymphocytes required in the host's immune response.
